Abstract
Introduction

54
Myelin is a biomaterial that ensheathes nerve axons, thus enhancing the fidelity and conduction 55 speed of action potentials (1) . Quantification of central nervous system myelin content has 56 important applications to demyelinating diseases, such as characterizing demyelination and 57 monitoring remyelination. Two widely accepted MRI methods for myelin quantification are 58 quantitative magnetization transfer (qMT) and myelin water imaging (MWI). 59
Magnetization transfer (MT) exploits the exchange of magnetization between 1 H sites on 60 macromolecules, termed the bound pool, that cannot be directly observed by standard pulse 61 sequences due to their broad NMR lineshape, and water 1 H, which can be readily observed. To 62 measure the MT effect, the longitudinal magnetization of the bound pool is first saturated by off-63 Finally, MT data were fitted voxel-wise to a two-pool MT model using qMRILab (37). Additional 162 fitting settings and parameters were: user-provided B1 and B0 maps, R1f constrained by user-163 provided R1 map, R1r equal to R1f, model = SledPikeRP (4), lineshape = SuperLorentzian (38), 164 and fitted parameters = F, kr, T2f, T2r. F was taken as a surrogate measure of myelin density. 165
Myelin Water Imaging
166
Myelin water imaging data were acquired using a custom 3D multi-echo spin echo sequence 167 To produce T2 spectra, echo-train signals were fitted voxel-wise by non-negative least squares 173 to an array of 100 extended phase graph-defined exponentials under both minimum-curvature 174 (regularization weight = 0.002) (39,40) and two-Gaussian-pool (width = 5) (6,41) constraints 175 using the MERA toolbox (42). Additional fitting settings and parameters were: time constants 176 spaced logarithmically from 2.5 to 500 ms, and B1 fitting for non-ideal refocusing pulses in the 177 range of 150° to 210° (43,44). 178
Fitted peaks in the resulting T2 spectrum with time constants <30 ms were labeled as myelin 179 water, and peaks with time constants >30 ms were labeled as intra/extracellular water. MWF 180 was calculated as the integral of peaks labeled as myelin water, divided by the integral of the 181 entire T2 spectrum, and MWF was taken as a surrogate measure of myelin density. All MWFs 182 and time constants reported henceforth are generated by averaging voxel-wise values within 183
ROIs defined on the myelin water map (45), and are taken from two-Gaussian-pool fits unless 184 otherwise noted. Conventional T2 maps were also produced by voxel-wise fitting to a single 185 mono-exponential decay. 186 
Deuterium-Exchanged Zero Echo-Time Imaging
Tissue Fixation
208
After pre-fixation scanning, specimens were placed in 20 mL of 10% neutral buffered formalin 209 for 24 hours, then rinsed by serial immersion in three 20-mL volumes of saline for 24 hours each 210 to remove residual formalin. Specimens were scanned again using the same imaging protocols. 211
Following the 1-day fixation scans, specimens were returned to a fresh 20 mL of 10% neutral 212 buffered formalin for an additional 30 days, rinsed, and scanned again using the same protocols 213 as the 1-day fixation scans. 214
Image Analysis
215
Three ROIs were drawn in a central 2-mm slab in each specimen, enclosing the dorsal column 216 (white matter, WM), both lateral columns (WM), and both ventral horns (gray matter, GM). A 217 fourth ROI was drawn in D2O-exchanged ZTE images in the rubber reference. All maps are displayed with the same color lookup table, scaled from 0 to the 276 maximum value given in red below each column. The image artifact in the dorsal 277 edge of (g) was due to Gibbs ringing in the through-slice direction arising from 278 the plastic stage which supports the spinal cord. The ring of signal in the full-279 FOV ZTE images (q-s) arose from the plastic housing of the RF probe, and the 280 high-intensity square was the rubber reference. 281
Changes in each of these measurements within each ROI are plotted in Figure 4a -c, and are 282 tabulated along with summary statistics at each timepoint in Table 1 . Across the three methods, 283 F, MWF and reference-normalized D2O-exchanged ZTE signal intensity in the WM ROIs were 284 consistently higher than those in the GM ROIs, as expected. 285
Considering both WM and GM ROIs (n = 21), MWF increased rapidly in the first day of fixation, 286 to 39.7 ± 15.5%, and remained stable in the 31-day measurement at 37.0 ± 15.9% greater than 287 unfixed measurements. F, on the other hand, increased gradually over the full 31 days of 288 fixation: 30.7 ± 21.0% after 1 day of fixation, and 42.6 ± 33.9% after 31 days. Reference-289 normalized D2O-exchanged ZTE signal intensities were least affected by fixation, with no 290 significant change after 1 day of fixation and only a slight increase of 8.17 ± 6.03% (n = 21) after 291 31 days of fixation. Similar gradual increases were observed in both WM and GM. contain n = 21 pairs of data, while comparisons in any of the three ROIs contain 319 n = 7 pairs of data. 320
In exploratory analyses, the T2 of the myelin water pool across all WM ROIs (not including GM) 321 in all specimens was 8.49 ± 0.97 ms in unfixed tissue, 14.5 ± 1.81 ms after 1 day of fixation (a 322 73.0 ± 28.5% increase), and 16.9 ± 1.01 ms after 31 days of fixation (a 100 ± 18.9% increase). 323
The T2 of the intra/extracellular water pool was 87.2 ± 6.23 ms in unfixed WM, 77.0 ± 8.51 ms 324 after 1 day of fixation (an 11.4 ± 11.2% decrease), and 81.3 ± 6.32 ms after 31 days of fixation 325 (a 6.35 ± 9.52% decrease). 326
The cross-sectional areas of the spinal cords imaged by qMT and MWI (n = 7) decreased by 327 4.00 ± 2.94% after 1 day of fixation and 4.45 ± 8.55% after 31 days of fixation, while the cross-328 sectional areas of the cords imaged by D2O-exchanged ZTE (n = 7) decreased by 2.34 ± 1.59% 329 after 1 day of fixation and 4.84 ± 1.25% after 31 days of fixation. After correction for this tissue 330
shrinkage and again considering all ROIs (n = 21), F increased by 25.6 ± 20.9% after 1 day of 331 fixation and by 37.0 ± 37.7% after 31 days of fixation; MWF increased by 33.9 ± 13.2% after 1 332 day of fixation and 31.2 ± 20.8% after 31 days of fixation. The change in the reference-333 normalized D2O-exchanged ZTE signal intensity nearly disappeared after correction for 334 shrinkage: it increased by 0.30 ± 4.70% after 1 day of fixation and 2.95 ± 6.24% after 31 days of 335 fixation. These shrinkage-corrected measurements within each ROI are plotted in Supplemental 336 Figure 1a -c, and changes in these measurements are tabulated in Supplemental Table 3 . 337
338
Discussion
339
We observed substantial increases in F and MWF after fixation, and a statistically significant but 340 small increase in D2O-exchanged ZTE signal intensity. The observed 54.0% increase in the F in 341 WM from subjects without known neurodegenerative disorders is consistent with prior results. 342
Schmierer et al. observed a 53% increase in F in normal appearing WM of brain tissue from 343 subjects with multiple sclerosis, and 48% in multiple sclerosis lesions in the same tissues (23) . 344 Schmierer et al. also observed a 96% increase in F in the cortical GM of subjects with high 345 cortical GM lesion load, and 49% in those with low cortical GM lesion load (24). These are 346 16 considerably larger increases than the 19.7% increase we observed in spinal cord GM. Both 347
Schmierer's tissue samples and ours were sectioned and sufficient time was allowed for 348 fixation, so inadequate fixative penetration was unlikely. The discrepancy may be due to 349 by an expansion of the spaces between layers of the myelin sheath. These expanded spaces 363 would contain a greater amount of water, and hence a greater fraction of the total water in the 364 tissue. This myelin water would also have a longer T2, due to decreased interaction with the lipid 365 membranes in these expanded spaces. The expansion of the myelin water pool may also 366 contribute to the observed increase in F by facilitating greater exchange between 367 macromolecular and water 1 H sites. 368
To illustrate this hypothesized expansion of spaces, we obtained light and electron microscopic 369 images of formalin-fixed WM ( Figure 5 ). Delaminated myelin sheathes were observed in 370 isolated areas in both the electron (Fig. 5d-f ) and light ( Fig. 5k-m 
